INTRODUCTION
The work presented here is part of a research effort focused on developing nondestructive evaluation (NDE) and testing techniques that are sufficiently fast. robust. accurate. and cost effective for on-line inspection of automotive structures. A series of laboratory experiments was conducted to assess the feasibility of thermographic and acoustic methods for evaluating the quality of individual spot welds and the structural integrity of spot-welded and weld-bonded joints. Emphasis was placed on identifying structurally weak "stick" welds. which are much more difficult to detect than broken welds. After nondestructive evaluation. the samples were subjected to mechanical tests to determine the strength of individual spot welds. Analytical and numerical models are also being developed to help interpret results of the laboratory experiments. The insight gained from the data and modeling results are essential in moving from qualitative techniques that identify flaws to quantitative methods that assess the severity of defects.
TEST SPECIMENS
The test specimens used in the laboratory experiments were composed of two steel plates joined by a lap joint (Figure 1 a) . The joints were spot welded. adhesive bonded. or weld bonded. Weld-bonded joints are adhesive-bonded joints with resistance spot welds through the adhesive layer [1.2). The spot-welded joints were prepared according to the standards specified by the American Welding Society (AWS) for tension/shear test specimens. The weld-bonded test specimens were fabricated according to standard ASTM D 2 welds failed in the sheet metal • Ten welds failed when the plates were bemg cut to make the specimens for mechamcaltestmg. The two spot-welded samples that were tested were made from individual steel strips that were not cut from larger plates.
1002-94 for adhesive bonding (Figurela) and AWS spot-welding standards ( Figure Ib) . The quality of the spot welds was altered by varying the number of cycles and the current used during welding. The four combinations of settings used are shown in Table I and are labeled as Types I-IV for ease of reference.
After nondestructive evaluation of the plates using acoustic and thermographic techniques, the plates were cut into strips, as indicated in Figure la , to obtain the samples that were subjected to mechanical testing. The spot-welded samples were tested in shear to failure in a Dillon testing machine with a 1.3 mm1min pulling rate according to ASTM standards (ASTM D 1002-72). The average maximum loads achieved for each of the four combinations of welding parameters are shown in Table I . Of the 30 spot welds tested, only two failed in the sheet metal, which means that the weld was stronger than the metal. In all other cases, the weld itself broke, which is known as "stuck" failure [3) .
EVALUATION OF STICK WELDS
A well-known problem in the evaluation of spot welds is the difficulty of detecting so-called "stick welds," fragile welds characterized by solid but weak contact. Although structurally weak, stick welds provide good contact between the two surfaces being joined and thus conduct heat and acoustic energy across the jOl~t in a manner similar to strong welds. As will be shown in the following sections, stick welds can be identified by both acoustic and thermographic scanning methods in which individual welds are evaluated and by global methods in which the entire spot-welded joint is evaluated.
Spot welding deforms joint surfaces creating gaps between the metal plates in the areas surrounding the welds. Consider a lap joint between two metal plates as illustrated in Figure 2a . Before welding, the flat metal plates overlap over the area of the joint with nominally uniform contact, as indicated in Figure 2b for a two-dimensional slice through the center of the joint. As the weld nugget forms, the joint surfaces deform, as shown in Figure 2c . Weak spot welds cause minimal deformation of joint surfaces compared to the deformation that occurs with strong welds. As a result, there is greater surface contact area at the joint between plates joined with weak spot welds than between plates with strong welds. Because the areas between the welds where the plates contact each other conduct heat and acoustic energy across the joint, caution must be exercised when interpreting acoustic and thermographic data. Joints with very weak spot welds may conduct heat and acoustic energy as well or better than joints with strong spot welds. b c .----11 Figure 2 . Schematic diagram of two plates joined by a spot-welded lap joint (2a). Before welding, the plates overlap with nominally uniform contact, as illustrated for a two-dimensional slice through the center of the joint (2b). As the weld nugget forms, the joint surfaces deform creating gaps between the plates in the areas surrounding the welds.
~REDTHERMOGRAPHY
The spot-welded plates described previously were evaluated using steady-state infrared (lR) thennography. A thin coat of flat black paint was applied to the samples to increase their surface emissivity to 0.9. Heat input was provided by four electrical heaters mounted on a copper strip 25.4 mm wide and 3.1 mm thick. The resistors. wired in series. had a total resistance of 200 ohms and a power output of approximately 60 Watts. The heater temperature was held steady at 71.1 De. The heater strip was mounted on the back side of the steel plate parallel to the lap joint with spring-loaded clamps to ensure good thermal contact (see Figure 3) . The heater strip was not mounted directly to the lap joint because. as previously discussed. the sheet metal at the joint is warped by the spot welding process.
Infrared imaging of the spot-welded plates was performed from the side opposite the heaters so that the spot welds appear as hot spots in the thermograms. The camera used for the experiments is a long-wave (8-12 11m) scanning infrared imaging radiometer. It has a minimum resolvable temperature difference of less than 0.1 DC and an instantaneous field of view of 2 milliradians. The analog images from the camera are digitized. post processed. and stored on a personal computer (4). Images were averaged over 50 frames.
Post Processing of Thermal Images
A series of post-processing algorithms were applied to the thermograms to help quantify the thermal data. Unprocessed thermographic temperature data from a lap joint with five spot welds are shown in Figure   4a for a temperature range of lODe. The first step in the post-processing procedure is to remove the temperature gradient in the vertical direction; this gradient results from heating the plate by conduction from the heater strip. The temperature gradient that results from placement of the heat source parallel to the lap joint is shown in Figure 4b . The raw data are corrected for the gradient by averaging over the temperatures measured at each pixel in the horizontal direction and subtracting the average from the raw data for that row:
where Teor is the data corrected for the gradient. Traw is the unprocessed data. x and y indicate the location of the pixel. and n is the number of pixels in the row. The same image displayed in Figure 4a is displayed again in 4c with the vertical temperature gradient removed. The spot welds are much more clearly defined in this image than in the image of the unprocessed data.
Additional post processing of the images is necessary to evaluate the temperature gradients surrounding the spot welds because noise in the data. typically between 10 and 100 mK. effectively masks the gradients around the welds. A filtering technique based on convolution of the data with a kernel function is used to reduce the noise in the temperature data. The filtered data are calculated from the inverse Fourier transformation of the product of the discrete Fourier transforms of the thermographic data and the kernel function (Equation 2). In the nomenclature of signal processing. the kernel function is a low-pass filter (Equation 3). The parameter a in the function changes the shape of the kernel and thus determines the degree of filtering. A typical kernel function is shown in Figure Sa plied :'y a scale factor based on the maximum temperature. A scale factor based on the average temperature would result in more accurate scaling but would require more computation time.
(2) (3) X and Y specify the location of the pixel. n, is the number of pixels in the x direction. and ny is the number of pixels in the y direction. The image obtained for a spot-welded joint after filtering the data for noise and removing the vertical temperature gradient is displayed in Figure Sb . Once noise and the vertical temperature gradient have been removed. the data are further processed to obtain temperature gradient images. The value at each pixel in these new images is the gradient calculated from the temperatures measured at adjacent pixels in the vertical and horizontal directions (Equation 4): Table 1 . Because relatively strong welds transmit more heat across the lap joint than weaker welds, thermal resistance at the lap joint differs among test specimens depending on the quality of the spot welds. This difference in thermal resistance results in substantially different surface temperatures, making it impossible to directly compare results from different samples. To make it possible to compare data from different joints, a normalized dimensionless temperature gradient (dTno,) was introduced (Equation 5) based on the assumption that the gradient surrounding a spot weld is directly proportional to the difference between the temperature at the center of the weld (T weld) and the ambient room temperature (T amb): (5) , A plot of the temperature gradient measured along a 25-mm vertical line (Figure 6a ) through the center of a spot weld is shown in Figure 6b . The graph, with two peaks on either side of the minimum value, is typical of the gradient data calculated for relatively strong spot welds. The differences between the peak values and the minimum value are an indication of the size of the spot weld nugget and, indirectly, of the mechanical strength of the weld. To help quantify the relationship between the gradient data and weld strength, the maximum difference (dTdirr ) in the normalized temperature gradient (dT no,) was calculated (Equation 6) for 30 welds and compared to the results of mechanical testing:
The results are shown in Figure 7 where the maximum difference in the normalized gradient (dTdiff ) calculated for each weld is plotted against the maximum load sustained by the weld during tensile testing. The fragile spot welds that did not survive sample preparation are plotted at zero force. The plot shows a strong correspondence between me;;hanical strength and the temperature gradient calculated from the thermal images. There are two exceptions: in one case, a weld with a relatively small temperature gradient sustained a high force, and, in another case, a very weak weld was associated with a moderately large temperature gradient. The weak weld associated with a large temperature gradient was near the edge of the plate where a strong gradient existed because of burrs along the edge. Better correlation between the temperature data and strength measurements could be achieved by accounting for temperature gradients in the test specimens that are caused by sources other than the spot welds. a
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. These early results indicate that it may be possible to infer the quality of a spot weld from analysis of temperature gradients surrounding the weld. Thermal modeling results indicate that the resolution of the thermal images is sufficient to determine the size of the spot welds from the temperature gradients that are calculated from the images (5) . Assuming that mechanical strength is related to the dimension of a spot-weld nugget, it may be possible to quantify the relationship between thermographic data and mechanical strength.
-----------,--------------------.------
ACOUSTIC METHODS
In addition to being evaluated by thermal imaging, the spot-welded and weld-bonded plates were evaluated using a global resonance technique and an acoustic scanning technique based on the dynamic stiffness of the structure. High-resolution scanning methods may be suitable for off-line characterization of defects initially identified by faster global methods such as resonance spectroscopy [6] .
Dynamic Stiffness
Previous work has demonstrated the sensitivity of a parameter that we call "dynamic stiffness" to defects in adhesive-bonded joints (7) . To measure the dynamic stiffness of spot-welded joints, our test specimens were clamped into a vise and excited by a mechanical shaker. The input to the shaker was a 0-50 kHz pseudo-random signal. The resulting surface displacements along the joint were measured remotely with a laser Doppler vibrometer. As would be expected, the surface vibration was greatest at points between the spot welds. The air gaps in the joints have lower acoustic impedance than the spot welds, resulting in greater vibration at the gaps. The gaps between spot welds may also be sites of localized resonance caused by the trapping of high-frequency vibrational energy.
The vibrometer measures the amplitude of vibration as a function of frequency. To calculate dynamic stiffness, the amplitude spectra were normalized by the spectrum of the input signal, measured by the laser vibrometer focused on the shaker. Twenty measurements were made at measurement points equally spaced along the joint. The normalized amplitude spectra were averaged over the 20 measurements and then averaged over the frequency band between 16 and 32 kHz. Low-frequency resonances were not used in the calculation because they are relatively insensitive to local changes in properties. High-frequency resonances were not included because they have a low signal-to-noise ratio. The resulting value, which we refer to as "dynamic compliance," is a measure of the average amplitude of vibration over the specified frequency band at the measurement point. We define "dynamic stiffness" to be the inverse of dynamic compliance. Thus, areas of high dynamic stiffness correspond to areas of low-amplitude vibration. Spot welds would be expected to be points of high dynamic stiffness compared to points on the joint between the welds.
The dynamic stiffness calculated at measurement points along the joints is shown in Figures 8a-8c for three plates. Plate 4 had fi ve Type III spot welds, Plate I had fi ve fragile welds, and Plate 15 had Type III welds at positions one and five, and three fragile welds in between. The dynamic stiffness data are consistent with P-wave amplitude data measured for the same plates. For Plates 4 and 15, the largest values for wave on Plate 4 were relatively strong whereas the welds on Plate I were very fragile and broke when the plate was being cut. At first glance, these results seem unlikely -how do weak welds conduct more acoustic energy tr.an stronger welds? Furthermore, the results seem contradictory -why is it that almost no acoustic energy propagated across the weak welds on plate IS, whereas strong, high-amplitude signals were obtained at four out of five weak welds on Plate I? As discussed previously, when spot welds are weak, there may be large areas of contact between the plates where there is no weld (see Figure 2 ). This is believed to be the Although joints with weak welds transmit heat and acoustic energy as well as or better than plates with relatively strong welds or a combination of weak and relatively strong welds, the acoustic and thermal signatures of these plates are different. For the acoustic data, relatively large values of wave amplitude and dynamic stiffness at points between welds are an indication of increased contact area between the joint surfaces; this implies weak welds. In the thermographic data, the thermal gradient across the spot welds is a good in- dicator of the quality of the welds. The bumps that are evident in the temperature profile measured on Plate 4 (Figure 8d ) correspond to the large changes in temperature gradient that occur at relatively strong welds (see Figure 6 ). The changes in temperature gradient measured at weak welds are much smaller (Figure 8f ).
GLOBAL RESONANCE
For assembly-line inspection, where both time and access to joints is extremely limited, global resonance methods are promising because they are fast, robust, and require a minimal number of sensors and measurements. Resonance techniques are particularly attractive for inspection of joints because of their sensitivity to joint ~.nd structural stiffness [8] . Typical results from global resonance tests are shown in Figure 9 for steel plates joined with spot-welded lap joints and for one weld-bonded joint The measurements were made using the same experimental setup used for the dynamic compliance measurements: the steel plates were clamped into a vise and excited by a mechanical shaker. The input to the shaker was a 0-50 kHz pseudo-random signal. The global spectral response was measured at the top right-hand comer of the plates using a noncontact laser Doppler vibrometer.
There are substantial differences among the spectra that are easiest to see in the frequency range between 500 and 1500 Hz. Comparing the spectra at frequencies between 100 and 500 Hz it is possible to see that the resonance peak for the weld-bonded joint (9a) is shifted upward in relation to the peaks for the. spot-welded joints (9b-d), reflecting the greater stiffness of the weld-bonded joint. The spectrum for the spot-welded joint with three fragile welds between two Type III welds (9c) is substantially different from the spectrum for the joint with five Type III welds (9b).
These initial results indicate that spot-welded joints with fragile welds are easily distinguishable from joints with stronger welds even for the case where three fragile welds are surrounded by two stronger welds. The spectra for the joints with adhesive are easily distinguished from those for the spot-welded joints with no adhesive. Furthermore, the spectra for weld-bonded plates are different from the spectra for adhesive-bonded plates with no spot welds [5] . The spectra for spot-welded plates with welds of Types II, III and IV were found to be similar; additional experiments are necessary to determine whether global resonance techniques can effectively discriminate among welds of these three types.
CONCLUSIONS
Stick welds, characterized by solid but weak contact, can be difficult to detect using conventional nondestructive methods, in part because of deformation of the lap joint that occurs during formation of the weld. The spot welding process deforms joint surfaces, creating gaps between the metal plates in the areas surrounding the welds. This deformation means there may be larger overall contact area at joints formed with weak welds than at joints fonned with strong welds. As a result, caution must be exercised when interpreting acoustic and thermographic data because joints with very weak spot welds can conduct heat and acoustic energy as well as or better than joints with stronger welds. Nonetheless, we successfully used acoustic and thermographic scanning techniques and global resonance data to identify stick welds on spot-welded joints.
A methodology developed to measure the dynamic stiffness of joints yielded data that compared well with conventional acoustic wave propagation and thermal data. Our results also demonstrate the sensitivity of global resonance methods to the stiffness of spot-welded and weld-bonded joints. Thermographic imaging techniques were successfully used to evaluate individual spot welds. Initial results obtained by applying post-processing algorithms to thermal images of spot-welded joints indicate that the quality of a spot weld can be inferred from analysis of the temperature gradients surrounding the weld. Results of thermal modeling indicate that the thermal images have sufficient resolution to allow the size of a spot weld to be determined from analysis of the gradients in the thermal images. Assuming that mechanical strength is related to the dinension of a spot-weld nugget, it may be possible to quantify the relationship between thermographic data and mechanical strength.
